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(57) Abstract 

A device for processing donated blood com- 
prises a porous medium interposed between the col- 
lection bag (11) and a satellite bag (13) into which a 
component separation by centrifugation can be ex- 
pressed, the filter element preferably having a CWST 
of about 70 to about 115 dynes/cm. The porous me- 
dium blocks red blood cells, but allows platelets to 
pass therethrough. 
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DEVICE AND METHOD FOR 
PROCESSING BLOOD FOR HUMAN TRANSFUSION 



This application is a continuation-in-part of 
U.S. Serial No. 07/405,977, filed September 12, 
1989. 

Technical Field : 

This invention relates to a method for process- 
ing blood donated for the purpose of therapeutic 
transfusion of blood components and, particularly, 
to improved means for preparing, from the donated 
whole blood, leucocyte depleted platelet concentrate 
(hereinafter PC) , packed red cells (hereinafter 
PRC) , and plasma. 

Background Art ; 

The development of plastic blood collection 
bags facilitated the separation of donated whole 
blood into its various components, thereby making 
platelet concentrates available as a transfusion 
product. The separation of a single unit of donated 
whole blood, about 450 milliliter in USA practice, 
into its components is typically accomplished by use 
of differential sedimentation. 

A typical procedure used in the United States, 
the citrate-phosphate-dextrose-adenine (CPDA-1) sys- 
tem, utilizes a series of steps to separate donated 
blood into three components, each component having 
substantial therapeutic and monetary value. The 
procedure typically utilizes a blood collection bag 
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to which is integrally attached at least one, and 
preferably two, satellite bags. Whole blood may be 
thus collected and processed as follows: 

(1) The donated whole blood is collected from 
5 the donors vein directly into the blood collection 

bag which contains the nutrient and anti-coagulant 
containing CPDA-1. 

(2) The blood collection bag is centrifuged 
together with its satellite bags, thereby concen- 

10 trating the red cells as packed red cells (PRC) in 
the lower portion of the blood collection bag and 
leaving in the upper portion of the bag a suspension 
of platelets in clear plasma, which is known as 
platelet-rich plasma (PRP) . 

15 (3) The blood collection bag is transferred, 

with care not to disturb the interface between the 
supernatant PRP layer and the sedimented PRC layer, 
into a device known as a "plasma extractor" which 
comprises an opaque back plate and a transparent 

20 front plate; the two plates are hinged together at 

their lower ends and spring biased toward each other 
such that a pressure of about 200 to 300 millimeters 
of mercury is developed within the bag* 

With the blood collection bag positioned be- 

25 tween the two plates, a valve is opened allowing the 
supernatant PRP to flow into a first satellite bag. 
As the PRP flows out of the blood collection bag, 
the interface with the PRC rises. The operator 
closely observes the position of the interface as it 

30 rises and clamps off the connecting tube when in his 
judgment as much PRP has been transferred as is pos- 
sible, consistent with allowing no red cells to 
enter the first satellite bag. This is a time con- 
suming operation during which the operator must 

35 visually monitor the bag and judiciously and 
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arbitrarily ascertain when to shut-off the con- 
necting tube. The blood collection bag, now con- 
taining only PRC, is then detached and stored at 4°C 
until required for transfusion into a patient. 
5 (4) The PRP-containing satellite bag, together 

with the second satellite bag, is then removed from 
the extractor and centrifuged at an elevated G force 
with the time and speed adjusted so as to con- 
centrate the platelets into the lower portion of the 
10 PRP bag. When centrifugation is complete, the PRP 
bag contains platelet concentrate in its lower 
portion and clear plasma in its upper portion. 

(5) The PRP bag is then placed in the plasma 
extractor, and the clear plasma is expressed into 

15 the second satellite bag, leaving the first bag con- 
taining only PC. Again, the operator must judi- 
ciously and arbitrarily ascertain when to halt plas- 
ma flow into the second bag. The PRP bag, now con- 
taining PC, is then detached and stored for up to 

20 five days at 20°-22°C until needed for a transfusion 
of platelets. For use with adult patients, the 
platelets from 6-10 donors are, when required, pool- 
ed into a single platelet transfusion. 

(6) The plasma in the second satellite bag is 
25 usually separated by complex processes into a vari- 
ety of valuable products. 

Commonly used systems, other than CPDA-1, in- 
clude Adsol and SAG-M. In these systems, nutrient 
solution is preplaced in the second nutrient bag, 
30 and this solution is transferred into the PRC in an 
additional step after the PRP has been separated 
from the PRC, thereby achieving a higher yield of 
plasma and longer storage life for the PRC. 

The separation of blood into components has 
35 substantial therapeutic and monetary value. This is 
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nowhere more evident than in treating the increased 
damage to a patient* s immune system caused by the 
higher doses and stronger drugs now used during che- 
motherapy for cancer patients. These more aggres- 
5 sive chemotherapy protocols are directly implicated 
in the reduction of the platelet content of the 
blood to abnormally low levels; associated internal 
and external bleeding additionally requires more 
frequent transfusions of PC, and this has caused 

10 platelets to be nationally in short supply and has 

put pressure on the blood banks to increase platelet 
yield per unit of blood. 

Blood bank personnel have responded to this 
pressure by attempting to increase PC yield in a 

15 variety of ways, including attempting to express 

more PRP prior to stopping flow from the blood col- 
lection bag. This has often proved to be counter- 
productive in that the PRP, and the PC subsequently 
extracted from it, were not infrequently con- 

20 taminated by red cells, giving a pink or red color 
to the normally light yellow PC. The presence of 
red cells in PC is so highly undesirable that pink 
or red PC is frequently discarded, or subjected to 
recentrifugation, both of which increase operating 

25 costs. 

The devices and methods of this invention 
alleviate the above-described problems and, in addi- 
tion, provide a higher yield of superior quality PC. 
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Leucocyte Depletion of 
Platelet Suspensions 

The transfusion of platelet concentrate which 
has not been leuco-depleted is not without risk for 
5 those patients receiving both acute and chronic 
transfusion support. Chills, fever, and allergic 
reactions may occur in patients receiving acute as 
well as chronic platelet therapy. Repeated platelet 
transfusions frequently lead to alloimmunization 

10 against HIA antigens, as well as platelet specific 
antigens. This, in turn, decreases responsiveness 
to platelet transfusion. Leucocytes contaminating 
platelet concentrates, including granulocytes and 
lymphocytes, are associated with both febrile reac- 

15 tions and alloimmunization, leading to platelet 

transfusion refractoriness. Another life-threaten- 
ing phenomenon affecting heavily immunosuppressed 
patients is Graft Versus Host Disease. In this 
clinical syndrome, donor lymphocytes transfused with 

20 the platelet preparations can launch an immunologi- 
cal reaction against the transfusion recipient with 
pathological consequences. 

Growing evidence suggests that the use of leu- 
cocyte depleted platelet concentrates decreases the 

25 incidence of febrile reactions and platelet refrac- 
toriness. Leucocyte depleted blood components are 
also believed to have a role in reducing the poten- 
tial for Graft Versus Host Disease. Leucocyte de- 
pletion of platelet preparations are also believed 

30 to diminish, but not to completely prevent, the 

transmission of leucocyte associated viruses such as 
HIV-1 and CMV. 

Platelet preparations contain varying amounts 
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of leucocytes. Platelet concentrates prepared by 
the differential centrifugation of blood components 
will have varying leucocyte contamination related to 
the time of centrifugation and G force used. While 
5 the dose of contaminating leucocytes necessary to 
cause a febrile reaction or to elicit platelet re- 
fractoriness in repeated transfusion remains un- 
known, several recent studies report a reduction of 
alloimmunization and platelet refractoriness at lev- 

10 els of leucocyte contamination < 1 x 10 7 per unit. 

These and other studies suggest that at least a two 
log (99%) reduction of leucocyte contamination is 
required. More recent studies suggest that a three 
log (99.9%) or four log (99.99%) reduction would be 

15 significantly more beneficial. 

U. S. Patent 4,880,548 (hereinafter '548) pro- 
vides a convenient and very effective means of 
leuco-depletion of PC. PC is passed through a fi- 
brous filter which permits recovery of 90% or more 

20 of the platelets, which pass through the filter, 

while retaining within the filter more than 99.9% of 
the incident leucocytes. This system is currently 
in widespread use at bedside in hospitals, but, un- 
like the device of this invention, it is not well 

25 suited for use in blood banks during the processing 
of donated blood. The unsuitability stems primarily 
from additional storage constraints associated with 
PC and the methods of administering PC. For ex- 
ample, platelets in PC are typically suspended in a 

30 total volume of only about 40 to 60 ml of plasma. 
Contrasted with this, the platelets which are pro- 
cessed by the devices and methods of this invention 
are derived from a single unit of whole blood and 
are suspended as PRP in about 180 to 240 ml of plas- 

35 ma. Further, the platelets in PC have been 
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subjected during centrifugation to severe conditions 
and there is reason to believe that, as a result of 
the high forces to which the platelets are subjected 
as they reach the bottom of the bag during sedimen- 
5 tat ion, they are not as readily dispersed, i.e., 

they are more aggregated by particle-to-particle ad- 
hesion, when compared with the platelet distribution 
in PRP. 

For these and perhaps other reasons, platelets 
10 in PC show a much higher tendency to be retained 
within the filter during leuco-depletion compared 
with platelets in PRP. Indeed, one of the 
advantages of the devices and methods of this 
invention is that much better recovery is obtained 
15 when platelets are leuco-depleted in the form of 
PRP, compared with PC; for example, while optimal 
recovery from PC is about 90 to 95%, recovery from 
PRP can exceed 99%. 

Also, as a consequence of the concentration 
20 differences and possibly as a consequence of the 
lower degree of aggregation in PRP, the preferred 
critical wetting surface tension (CWST) range when 
filtering PRP is broader than those for PC. 

Brief Description of the Drawings : 

25 Figure 1 is a representational view of a typi- 

cal blood collection set for the collection and pro- 
cessing of blood. The set 10 comprises a collection 
bag 11 with flexible tubing 12 connected thereto and 
leading to a first satellite bag 13 (for PRP) and a 

30 second satellite bag 15 (for plasma) connected to 
the first satellite bag 13 via flexible tubing 16. 

Figure 2 is identical to Figure 1 except that 
tubing 12 has been cut and filter 14 inserted. 
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Disclosure of the Invention : 

PC is typically prepared from donated blood 
that has been stored until needed and transfused to 
the patient at bedside as required. Insofar as 
5 leuco-depletion of platelets derived from donated 
blood has been practiced, it has generally been 
accomplished just prior to or contemporaneous with 
the transfusion to the patient. 

In the methods of this invention, leucocyte de- 

10 pletion is accomplished at the time the blood is 

processed, which in USA practice is within 8 hours 
of the time the blood was drawn. Step number three 
of the six step process of blood bank practice 
presented in a preceding section is modified by 

15 interposing a leucocyte depletion filter 14 

immediately downstream of the blood collection 
bag 11 (see Figure 2). Thus, as the supernatant PRP 
is expressed by the plasma extractor, leucocytes are 
removed by the filter and leucocyte-depleted PRP is 

20 collected in the satellite bag and is subsequently 
centrifuged to obtain leucocyte-depleted PC and 
plasma . 

In a preferred form of the filter of the sub- 
ject invention, the fibers of which the filter ele- 

25 ment is composed are modified by grafting thereon a 
mixture of two monomers, one containing hydroxyl 
groups and another containing anionic groups, such 
as carboxyl groups, with the hydroxyl groups present 
in larger numbers. As described in U. S. Patent 

30 4,880,548, herein incorporated by reference, the 

filter media of this invention are preferably sur- 
face modified using a mixture comprising hydroxyl- 
terminated and carboxyl-terminated monomers. In a 
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preferred form of this invention, the monomers are 
respectively hydroxyethyl methacrylate and meth- 
acrylic acid, and the monomer ratios are preferably 
in the range (carboxyl: hydroxy 1) of .01:1 to 0.5:1, 
5 and more preferably in the range of .05:1 to 0.35:1. 
A preferred monomer ratio is one which produces a 
desired zeta potential at the pH of plasma (7.3) 
of -3 to -30 millivolts, a more preferred ratio 
produces a zeta potential of -7 to -20 millivolts, 
10 and a still more preferred ratio produces a zeta 
potential of -10 to -14 millivolts. 

The CWST of the filter elements made with the 
PBT fibers according to this invention have a CWST 
as formed of about 50 to 54 dynes/cm, and most or 
15 all other fibers which may be used have a CWST below 
55 dynes/ cm. Surface grafting using the monomers 
noted above causes the CWST of the fibers to in- 
crease, the exact value obtained being dependent on 
the ratio of the two monomers. A preferred range 
20 for the CWST of the devices of this invention is 

about 70 to 115 dynes/cm, a more preferred range is 
90 to 100 dynes/ cm and a still more preferred range 
is 93 to 97 dynes/cm, these ranges being obtained by 
varying the ratio of carboxyl -terminated and 
25 hydroxy 1-termina ted monomers. 

Although the fibers of the porous medium may 
remain untreated, they are preferably treated to 
make them even more effective. For example, the 
fibers may be surface modified to increase the 
30 critical wetting surface tension (CWST) of the 
fibers. 

As disclosed in U.S. Patent No. 4,880,548, the 
CWST of a porous medium may be determined by 
individually applying to its surface a series of 
35 liquids with surface tensions varying by 2 to 4 
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dynes/cm and observing the absorption or non- 
absorption of each liquid over time. The CWST of a 
porous medium, in units of dynes/cm, is defined as 
the mean value of the surface tension of the liquid 
5 which is absorbed and that of the liquid of 

neighboring surface tension which is not absorbed 
within a predetermined amount of time. The absorbed 
and non-absorbed values depend principally on the 
surface characteristics of the material from which 

10 the porous medium is made and secondarily on the 
pore size characteristics of the porous medium. 

Liquids with surface tensions lower than the 
CWST of a porous medium will spontaneously wet the 
medium on contact and, if the medium has through 

15 holes, will flow through it readily. Liquids with 
surface tensions higher than the CWST of the porous 
medium may not flow at all at low differential 
pressures and may do so unevenly at sufficiently 
high differential pressures to force the liquid 

20 through the porous medium. In order to achieve 

adequate priming of a fibrous medium with a liquid 
such as blood, the fibrous medium preferably has a 
CWST in the range of about 53 dynes/ cm or higher. 

The number of carboxyl groups per unit of sur- 

25 face area appears to have an important effect on the 
adhesion of platelets to fiber surfaces. This ef- 
fect is reflected in the proportion of platelets re- 
covered in the filter effluent as a fraction of the 
number present in the platelets prior to filtration. 

30 Platelet recovery peaks at the optimum proportion of 
methacrylic acid (MAA) . The number of carboxyl 
groups per unit of fiber surface is, over the range 
of interest of this invention, thought to be close 
to proportional to the amount of MAA in the 

35 monomer ic grafting solution. 
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The porous medium of this invention may be 
formed, for example, from any synthetic polymer 
capable of forming fibers and of serving as a sub- 
strate for grafting. Preferably, the polymer should 
5 be capable of reacting with at least one ethy- 

lenically unsaturated monomer under the influence of 
ionizing radiation without the matrix being adverse- 
ly affected by the radiation. Suitable polymers for 
use as the substrate include, but are not limited 

10 to, polyolefins, polyesters, polyamides, polysul- 
fones, acrylics, poly aery loni tr iles , polyaramides, 
polyarylene oxides and sulfides, and polymers and 
copolymers made from halogenated olefins and un- 
saturated nitriles. Examples include, but are not 

15 limited to, polyvinylidene fluoride, polyethylene, 
polypropylene, cellulose acetate, and Nylon 6 and 
66. Preferred polymers are polyolefins, polyesters, 
and polyamides. The most preferred polymer is poly- 
butyl ene terephthalate (PBT) . 

20 Surface characteristics of a fiber can be modi- 

fied by a number of methods, for example, by chemi- 
cal reaction including wet or dry oxidation, by coa- 
ting the surface by depositing a polymer thereon, 
and by grafting reactions which are activated by ex- 

25 posure to an energy source such as heat, a Van der 
Graff generator, ultraviolet light, or to various 
other forms of radiation. The preferred method is a 
grafting reaction using gamma-radiation, for ex- 
ample, from a cobalt source. 

30 Radiation grafting, when carried out under ap- 

propriate conditions, has the advantage of con- 
siderable flexibility in the choice of reactants, 
surfaces, and in the methods for activating the re- 
quired reaction. Gamma-radiation grafting is par- . 

35 ticularly preferable because the products are very 
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stable and have undetectably low aqueous extractable 
levels. Furthermore, the ability to prepare syn- 
thetic organic fibrous media having a CWST within a 
desired range is more readily accomplished using a 
5 gamma radiation grafting technique. 

An exemplary radiation grafting technique em- 
ploys at least one of a variety of monomers each 
comprising an ethylene or acrylic moiety and a 
second group, which can be selected from hydrophilic 

10 groups (e.g., -COOH, or -OH). Grafting of the 

fibrous medium may also be accomplished by compounds 
containing an ethylenically unsaturated group, such 
as an acrylic moiety, combined with a hydroxy 1 
group, such as, hydroxyethyl methacrylate (HEMA) , 

15 acrylic acid, or combined with methacrylic acid. 
Use of HEMA as the monomer contributes to a very 
high CWST. Analogues with similar functional 
characteristics may also be used to modify the 
surface characteristics of fibers. 

20 In a first variation of the devices of this in- 

vention, the PRP derived from a single unit of about 
450cc of human blood is passed, typically during a 
flow interval of about 10 to 40 minutes, through a 
filter comprising the grafted fibers, the element of 

25 the filter preferably comprising fibers with a 
surface area in the range of about 0.15 to 1.0 
square meters, and more preferably about 0.2 to 0.7 
square meters, with a voids volume in the range of 
78% to 89% (i.e., if PBT fiber is used, 

30 corresponding to a density of the filter element in 
the range of 0.15 g/cc to 0.30 g/cc) , and more 
preferably 81% to 85% (for PBT, 0.21 g/cc to 0.26 
g/cc) . The filter element is preferably of right 
cylindrical form with the ratio of diameter to 

35 thickness preferably in the range of about 7:1 to 
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about 40:1. The range of fiber diameter is prefer- 
red to be about 1.0 to 4/im and is more preferred to 
be in the range of about 2 to 3/im. These parameters 
can be varied; for example, the diameter of the fil- 
5 ter element could be reduced and the thickness of 

the filter element increased while retaining the sa- 
me total quantity of fiber, or the fibers could be 
larger in diameter while increasing the total quan- 
tity of fiber, or the fibers could be packed as op- 
10 posed to preformed into a cylindrical disc. Such 
variations fall within the purview of this 
invention. 

If desired, flow rate of the PRP through the 
filter can be regulated to obtain a total flow 

15 period of about 10 to 40 minutes by selecting the 
appropriate element diameter, element thickness, 
fiber diameter, and density, and/or by varying the 
diameter of tube 12 either upstream or downstream of 
the filter, or both up and downstream. At these 

20 flow rates, leucocyte depletion efficiency in excess 
of about 99.9% may be achieved and even as high as 
99.9995%. These levels of efficiency result in a PC 
product with substantially less than 10 7 leucocytes 
per unit of PC (a unit of PC is the volume of PC 

25 obtained from a single unit of donated blood) . 

The above-described device and its mode of use 
provide the advantages set forth below, among other 
advantages. 

(a) In the blood bank, the filtration step 
30 requires no labor input additional to the current 

practice, and, in the hospital, the need for bedside 
filtration is completely eliminated. 

(b) The volume of the PRP processed is about 
five or more times that of the PC which is derived 

35 from the PRP. Because the volume processed is 
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larger, loss of PC due to hold up within the filter 
is only about 1% compared with a loss about five or 
more times greater when PC is filtered at bedside. 

(c) Compared with hospital practice, filtra- 

5 tion within the blood bank is generally under better 
control, as it is performed in relatively larger 
numbers by personnel trained to the specific task. 

(d) It is the belief of some researchers that 
when PC is stored prior to removal of leucocytes, 

10 the platelets are damaged during storage as the leu- 
cocytes disintegrate, releasing their components, 
some of which are highly toxic to human tissues. 
Removing the leucocytes within a few hours after 
collection is believed to greatly reduce damage due 

15 to this cause. 

(e) In the process of tapping the donor's 
vein, the hypodermic needle cuts a disc of the 
donor's skin which is transf erred into the collected 
blood. The alcohol swab applied prior to venipunc- 

20 ture is not adequate to assure sterility of this 

skin disc. Thus, the skin disc may contain one or 
more varieties of bacteria, the most common being 
Staphylococcus epidermidis, which has been detected 
in PC along with other organisms. The presence of 

25 the skin disc in PC is a suspect source of bacterial 
growth during storage, and it is fear of such growth 
which is the principal impetus for the regulation 
(in the USA) which limits the storage life of plate- 
lets to five days. Removal of the skin disc by fil- 

30 tration at an early stage of processing is, for this 
reason, an important advantage as it may permit the 
five day regulation to be relaxed. 

(f) Compared with a bedside filtration method 
of '548, improved recovery of platelets is obtained, 

35 i.e., recovery in excess of 98% to 99% compared with 
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about 90 to 95% typically recovered in bedside 
filtration. 

In a second variation of this invention, the 
interposed filter 14 is preferably made with smaller 
fiber surface area, smaller filter element flow 
area, higher filter element density, and reduced 
voids volume in relation to the first variation. 
The total quantity of fiber used is also reduced 
such that a preferred range for the fiber surface 
area of the filter element is .04 to .3 M 2 and a more 
preferred range is .06 to .20 M 2 . A preferred range 
for the filter element flow area is 3 to 8 cm 2 , and a 
more preferred range is 4 to 6 cm . A preferred 
range for the relative voids volume is about 71% to 
about 83% (corresponding for PBT fibers to a density 
of .23 to .40 g/cc) , and a more preferred range is 
from 73% to 80% (.27 to .37 g/cc). A preferred 
range for the CWST of the fiber is 70 to 115 
dynes/cm, a more preferred range is 90 to 100 
dynes/cm, and a still more preferred range is 93 to 
97 dynes/cm. Because of its very small size, a pre- 
ferred device in accordance with the second varia- 
tion of the invention retains internally only 0.5 to 
1 cc of PRP, representing less than a 0.5% loss of 
platelets. 

Filters made in accordance with this second 
variation and which are interposed between the blood 
collection bag and PRP bag will generally remove 
about 85 to 99% or more of the incident leucocytes. 
Table II shows that this removal rate is not suffi- 
cient to consistently achieve a residual leucocyte 
count of less than 10 7 leucocytes per 50 ml of PC. A 
principal function of this device, however, is to 
act as an automatic "valve" during the decantation 
process by instantly stopping the flow of PRP at the 
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moment that red cells contact the filter surface. 
The mechanism of this valve-like action is not well 
understood, but it may reflect aggregation of the 
red cells as they reach the filter surface, forming 
5 a barrier which prevents or blocks further flow of 
PRP through the filter element. Aggregation of red 
cells on contact with the filter surface appears to 
be related to the CWST and/or to the surface 
characteristics of the fibers which are generated by 

10 the herein described procedure for modifying the 

fibers. This theory for the proposed mechanism is 
supported by the existence of filters capable of 
highly efficient leucocyte depletion of human red 
blood cell suspensions and which have pore sizes as 

15 small as 0.5/xm. In these filters, red cells pass 
freely and completely through the filters with no 
clogging, with applied pressure of the same mag- 
nitude as that used in the present invention. On 
the other hand, filters of the present invention, 

20 which typically have pore diameters larger than 
about 0.5/xm, abruptly stop the flow of red blood 
cells when the filter is contacted by the, red cells. 
This suggests that the filter's valve-like action is 
not related to or caused by pore size or by a 

25 filtration mechanism. The mechanism of this valve- 
like action is not well understood, but it may 
reflect zeta potential-related aggregation of the 
red cells as they reach the filter surface, forming 
a barrier which prevents or blocks further flow of 

30 PRP through the filter element. 

The advantages to be gained by the use of this 
device include the following: 

(a) The collected PRP, and the PC derived 
therefrom, are substantially free of red cells. 

35 (b) The operator needs only to start the flow 
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of PRP, which will continue to flow into the first 
satellite bag until red cells contact the filter 
surface, at which point flow stops* This eliminates 
the need for a skilled operator to estimate when to 
5 stop flow. The PRP so obtained has the faintly yel- 
low color of normal PRP and, for practical purposes, 
may be considered to be free of red cells. The PC 
derived from the PRP has the characteristic light 
yellow color of PC and, for practical purposes, may 
10 be considered to be essentially free of red cells. 

(c) The volume of PRP recovered from the blood 
collection bag during the plasma extraction opera- 
tion is increased by about 2% to about 3% when com- 
pared with very competent manual operation and prob- 

15 ably by about 2% to about 5% compared with average 
blood bank practice. 

(d) Labor input is reduced, as monitoring of 
the interface during decantation is not required. 

(e) Freshly donated blood contains platelets 
20 varying in age from newly formed to nine days or 

more (platelet half-life in vivo is about nine 
days) . Newly formed platelets are larger and are 
generally believed to be more active. Because the 
younger platelets are larger, they tend to sediment 

25 faster during centrifugation and, consequently, are 
present in larger numbers in the PRP nearest to the 
red cell interface. Measurements have shown that 
the concentration of platelets in the 10% of the PRP 
volume nearest the interface is about twice that in 

30 the uppermost 10% of PRP. Taking this into account, 
the total number of platelets recovered is increased 
by about 4 to 10%. 
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Incremental number 
of platelets, % 



Due 



to increased volume 



of PRP 



2 to 5 



5 



Due 



to the higher 
concentration of 
platelets in the 
incremental volume 



of PRP 



2 to 5 



10 



Total 



4 to 10% 



(f) The larger proportion of younger platelets 
in the PC administered to the patient means that 
their life within the patient after administration 
will be longer and that the platelets will be more 

15 active, compared with current blood bank practice. 

(g) The yield of plasma, a component of value 
comparable with that of PRC and PC, is also in- 
creased by about 2 to about 5%. 

(h) Insofar as the plasma yield is increased, 
20 the plasma content of the PRC is decreased. This is 

advantageous because the MHC (major histocom- 
patibility complex) contained in the plasma is re- 
sponsible for the occurrence of Urticaria (hives) in 
a proportion of transfusion recipients transfused 

25 with PRC. 

In a third variation of this invention, the 
fiber is surface modified as for the preceding ver- 
sions, but the fiber surface area of the element is 
increased while, at the same time, the density of 

30 the filter element is somewhat reduced. In this 
way, all of the advantages of the preceding 
variations are provided together with higher 
efficiency of leucocyte depletion. 
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A preferred range of fiber surface area for the 
third variation of the invention is from 0,3 to 
2.0M 2 , and a more preferred range is from 0.35 to 
0.6M 2 . The upper limits of fiber surface area 
5 reflect the desire to accomplish the filtration in a 
relatively short time period, and may be increased 
if longer filtration times are acceptable. A 
preferred voids volume of a filter for a filter 
element is in the range of 71% to 83% (i.e., if PBT 

10 fiber is used, corresponding to a density of the fi- 
lter element in the range of 0.24 g/cc to 0.40 
g/cc) , and more preferably 75% to 80% (for PBT, 0.28 
g/cc to 0.35 g/cc). A preferred filter element flow 
area is from about 2.5 to 10 cm 2 , and a more 

15 preferred area is from about 3 to 6 cm 2 . Leucocyte 
depletion efficiencies in excess of about 99.9 to 
99.99%, which corresponds to an average residual 
leucocyte content per unit of less than about .005 x 
10 7 , can be obtained. 

20 Conversion of density when 
using fibers other than PBT 

In the preceding exposition the term density 
has been used, and the density values quoted for the 
filter element have been based on the use of PBT 

25 fibers. Other fibers which differ in density from 
the PBT may be used, as noted above, providing that 
their surfaces have, or have been modified to have, 
the characteristics noted above, e.g., a CWST of 
greater than 70 dynes/cm. In accordance with the 

30 invention, to use an alternate fiber of different 

density, the density of an element made using an al- 
ternate fiber may be calculated as follows: 
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Denoting V as a percentage of 
the voids volume relative to the 
apparent volume of the PBT 
element [i.e., V = (volume of 
5 voids/volume of element) x 100], * 

the objective is to calculate 
the element density of an alter- 
nate fiber element which will 
have a relative voids volume 

10 percentage equal to V. 

If F is the density of the 
alternate fiber and 1.38 g/cc is 
taken as the density of PBT 
fiber, and M, is the element den- 

15 sity of the PBT element and is 

the density required for an ele- 
ment with equivalent 
performance, then voids volume V 
of the PBT fiber element is 

20 V = (1 - Mj/1.38) X 100 

and the density required for the 
element made using the alternate 
fiber is 

^ = F (1 - V/100) . 

25 The more preferred fiber diameter range for the 

practice of this invention is about 2 to 3 pm, the 
diameter being defined in terms of surface area, as 
described in U. S. Patent 4,880,548. This range is 
preferred because much above this range, the dimen- 

30 sions of the elements and consequently the liquid 
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hold-up volumes of the filters become significantly 
larger; below this range, the filter elements become 
relatively less coherent and are more easily com- 
pressed* For example, an element made using less 
5 than 2 /tm polypropylene fibers would be compressed 
by the pressure developed by the plasma extractor, 
which can be as high as 300 mm of Hg. 

Pore diameters of filter elements in accordance 
with the invention can be determined using the modi- 
10 fied OSU F2 method as described in U. S. Patent 
4,925,572. 

In accordance with the invention, a useful 
technique for the measurement of fiber surface area, 
for example by nitrogen gas adsorption, is that 
15 developed by Brunauer, Emmet, and Teller in the 

193 0 f s, often referred to as the "BET" measurement. 
Using PBT as an example, the surface area of melt 
blown webs can be used to calculate average fiber 
diameter: 

20 Total volume of fiber in 1 gram = 1 cc 

1.38 

(where 1.38 = fiber density of PBT, g/cc) 

hence 7rd 2 L = 1 (1) 
4 1.38 

25 Area of the fiber is irdL = A f (2) 

Dividing (1) by (2), _d_ = 1 

4 1.38A f 

and d = 4 = 2.9 . or (0.345A f )° 
1.38A f A f 

30 where L = total length of fiber per gram, d = aver- 
age fiber diameter in centimeters, and A f = fiber 
surface area in cm 2 /g- If units of d are 
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micrometers, the units of A f become M^g (square 
meters/gram) , which will be used hereinafter. For 
fibers other than PBT, substitute the density for 
1.38. 

5 Examples 

Each of the examples was run using the follow- 
ing basic procedure to process and test a bag of 
donated blood. The blood collection set was 
constituted as shown in Figure 1. Bag 11, into 

10 which anticoagulant had been placed, was used to 
collect one unit of about 450cc of blood from a 
human volunteer. Bag 11 along with its two satel- 
lite bags was then centrifuged for 5 minutes at 2280 
X gravity, causing the red cells to sediment into 

15 the lower parts of the bag and leave a transparent, 
yellowish layer of red cell-free plasma in the up- 
per part of the bag. This bag was then transferred, 
with care not to disturb its contents, to a plasma 
extractor. With tube 12 clamped adjacent to bag 11 

20 to prevent flow, tube 12 was cut and the test filter 
was inserted at position 14 in Figure 2. With the 
plasma extractor applying sufficient force to the 
bag to generate a pressure of about 200 to 300 mil- 
limeters of mercury within the bag, the clamp on 

25 tube 12 was removed, allowing the supernatant liquid 
to flow through the filter into bag 13 which had 
been placed on a weight scale. One of several 
skilled operators was instructed to signal when, in 
normal blood bank practice, flow would have been 

30 manually shut off. For examples 1 and 2, which were 
in accordance with the first variation of this 
invention, tube 12 was at the signal promptly shut- 
off, the weight of PRP collected was recorded, and 



23 



the contents of the bag analyzed, with results 
recorded in Table I. 

For examples 3-8 and 9-10, the weight of the 
PRP bag 13 was recorded at the signal, i.e., the 
precise moment when flow would in normal blood bank 
practice have been shut off, while flow was* allowed 
to continue until the red cell layer reached filter 
14, at which time flow spontaneously and abruptly 
stopped, and the weight of PRP collected was 
recorded. The results for examples 3-8 are shown in 
Table II, and for examples 9 and 10 in Table III. 

In each of the ten examples, the resulting PRP 
was visually free of red cells, and weights of the 
PRP were converted to volume by dividing by the den- 
sity of plasma (1.04 g/cc) . The data on residual 
leucocyte content of the PC derived from the 
filtered PRP are reported in Tables II and III as 
multiples of 10 7 (i.e., X 10 7 ) , which can be 
conveniently compared with a target criterion of 
fewer than about 1 X 10 7 leucocytes per unit, which 
is a level believed adequate to significantly reduce 
alloimmunization in patients receiving platelet 
transfusions . 

The widely used melt blowing process for making 
fibrous plastic webs is a convenient, economical, 
and effective means for manufacturing fibrous webs 
with fiber diameter in the 1 - 4/im range. It is 
characteristic of this process that the quality of 
melt blown webs is optimal when the web weight is 
maintained in a preferred range of about .0005 to 
about .01 g/cm 2 , and more preferably between .0005 
and about .007 g/cm 2 . For this reason, the webs used 
to form the examples of this invention were, 
wherever necessary, formed by laying up two or more 
layers of web of weight about .006 g/cm 2 , and then 
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hot compressing these to form an integral filter 
element. 

Examples 1-2 

Devices were prepared in the manner of the 
5 first variation of this invention. The filter 

elements of these devices were preformed from 2.6/xm 
average diameter PBT fibers, which had been surface 
modified in the manner as described above and as 
taught in U.S. Patent 4,880,548 using a mixture of 

10 hydroxyethyl methacrylate and methacrylic acid in a 
monomer ratio of .35:1 to obtain a CWST of 95 
dynes/cm and a zeta potential of -11.4 millivolts. 
Filter element effective diameter was 4.74 cm, 
presenting a filter area of 17.6 cm 2 , thickness was 

15 0.15 cm, voids volume was 83% (density =0.23 g/cc) , 
and fiber surface area was 0.69 M 2 . The volume of 
PRP held up within the filter housing was 2.5 cc, 
representing a loss of PRP due to hold-up of about 
1%. The results, obtained using the operating 

20 procedure described earlier in this section for the 
first variation, are shown in Table I. 



25 
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TABLE I 

Leucocyte Depletion Efficiency of the First Variation 



Example 
Number 

1 
2 



Volume 
of PRP 
passed, 
cc 

237 
206 



Leucocyte 
content of 
PC after 
filtration 
fper unit) * 

<.006 x 10 7 
<.006 x 10 7 



Leucocyte 
removal 
efficiency, ** 
% 

>99.9% 
>99.9% 



*Total leucocyte count in the PC after centrifuging 
the filtered PRP to obtain the PC. 



35 



** Assumes that the leucocyte content of the PRP 
prior to filtration conformed to an average value of 
5 x 10 per unit. 
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Examples 3-8 

Devices were prepared in the manner of the 
second ("automatic valve") variation of this 
invention* The filter elements of these devices 
5 were preformed from 2.6/ra average diameter PBT 
fibers, which had been surface modified in the 
manner as described above and as taught in U. S. 
Patent 4 , 880,548 using hydroxyethyl methacrylate and 
methacrylic acid in a monomer ratio of .35:1 to 

10 obtain a CWST of 95 dynes/cm and a zeta potential of 
-11.4 millivolts. The filter element's effective 
diameter was 2.31 cm, presenting a filter area of 
4.2 cm 2 , thickness was .051 cm, voids volume was 75% 
(density, 0.34 g/cc) , and fiber surface area was 

15 .08m 2 . 

The volume of PRP held up within the filter 
housing was <0.4 cc, representing a loss of PRP due 
to hold-up of less than 0.2%. In each test, flow 
stopped abruptly as red cells reached the upstream 

20 surface of the filter element, and there was no 
visible evidence of red cells or hemoglobin 
downstream. The results obtained, using the 
operating procedure described earlier in this 
section for the second variation, are shown in 

25 Table II. 
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TABLE II 



10 



Example 
Number 



Estimated 
volume/PRP 
using normal 
blood bank 
practic e, ml 



Volume 
of PRP 
obtained 
using the 
procedure 
of inven- 
tion, ml 



Incre- 
mental 
volume, 
percent 



Leuco- 
cyte 
content 
"after 
filtrat- 
ion (per 
unit) 
of PC* 
x 10 7 



15 



3 
4 
5 
6 
7 
8 



175.2 
212.9 
221.1 
185.9 
257.2 
196.6 



178.8 
218.8 
225.7 
191.4 
263.2 
200.7 



2.0 
2.7 
2.0 
2.9 
2.3 
2.1 



1.0 
1.7 
0.5 
0.2 
<0.1 
0.1 



* Total leucocyte count in the PC after centrifuging 
the filtered PRP to obtain PC. 



20 Examples 9-10 



Devices were prepared in the manner of the 
third variation of this invention, i.e., the 
combination of an automatic shut-off valve and a 
high efficiency filter, both comprised in a single 

25 filter. The filter elements of these devices were 
preformed from 2.6/im average diameter PBT fibers, 
which had been surface modified in the manner as 
described above and as taught in U.S. Patent 
4,880,548 using a mixture of hydroxyethyl methacry- 

30 late and methacrylic acid in a monomer ratio of 
-35:1 to obtain a CWST of 95 dynes/cm and a zeta 
potential of -11.4 millivolts at the pH of plasma 
(7.3). The filter element effective diameter was 
2.31 cm presenting a filter area of 4.2 cm 2 thickness 

35 was 0.305 cm, density was 0.31 g/cc (voids volume = 
77.5%), and fiber surface area was 0.46 M 2 . The 
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10 



volume of PRP held up within the filter housing was 
1.3 cc, representing a loss of PRP due to hold up 
within the filter of about 0.5%. In each case, flow 
stopped abruptly as red cells reached the upstream 
surface of the filter element, and there was no 
visible evidence of red cells or hemoglobin " 
downstream. The results obtained, using the 
operating procedure described earlier in this 
section for the third variation, are shown in Table 
III. 



TABLE III 



15 



20 



Incremental Volum e and leucocyte Depletion 
Efficiency of the Third Variation 



9 
10 



Estimated 
volume/PRP 
using normal 
blood bank 
practice, ml 

251 
212 



Volume 
of PRP 
obtained 

using the Incre— 

procedure mental 

of inven- volume, 

^Q"> *I £ 



256 
216 



2 

1.9 



Leuco- 
cyte 
content 
after 
filtrat- 
ion (per 
unit) 
of PC* 
X 1Q 7 

<.004 
.005 



Leuco- 
cyte 
remov- 
al 

effi- 
ciency** 

>99.9% 
>99.9% 



25 * Total leucocyte count in the PC after centrifuging 
the filtered PRP to obtain PC. 

** Assumes that the leucocyte content of the PRP prio^ 
to filtration conformed to an average value of 5 x 10 
per unit. 
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Claims : 

1. A device for the collection and processing of 
blood comprising a first container and at least one 
second container connected thereto, wherein a 
5 leucocyte filter is interposed between the first 
container and the second container, the leucocyte 
filter permitting platelet-rich plasma to pass 
therethrough, and wherein the leucocyte filter has a 
CWST of at least 70 dynes/cm. 

10 2. The device of claim 1 wherein the first 

container is a blood collection bag and the second 
container is a satellite bag. 

3. The device of claim 1 wherein the CWST is from 
70 dynes/cm to 115 dynes/cm. 

15 4. The device of claim 1 wherein the fibers of the 
filter have been modified by exposure to a monomer 
comprising a polymerizable group and a hydroxyl- 
containing group. 

5. The device of claim 4 wherein the monomer is 
20 hydroxy ethyl methacrylate. 

6. The device of claim 1 wherein the fibers of the 
filter have been modified to present hydroxyl groups 
and carboxyl groups. 

7. The device of claim 6 wherein the fibers of 
25 the filter have been modified with a mixture of 

monomers comprising hydroxyethyl methacrylate and 
methacrylic acid. 



WO 91/04088 



PCT/US90/05141 



29 



8- The device of claim 7 wherein the acid/acrylate 
monomer weight ratio in the modifying mixture is 
between .01:1 to 0.5:1. 

9. The device of claim 1 wherein the surface area 
5 of the fibers of the leucocyte filter is 0.15 to 1.0 

M 2 . 

10. The device of claim 9 wherein the leucocyte 
filter has a voids volume of 78% to 89%. 

11. The device of claim 1 in which the zeta 

10 potential is -3 to -30 millivolts at pH of 7.3. 

12. The device of claim 11 in which the zeta 
potential is -7 to -20 millivolts at pH of 7.3. 

13. The device of claim 12 in which the zeta 
potential is -10 to -14 millivolts at of pH 3. 

15 14. The device of claim 6 in which the zeta 

potential is -7 to -20 millivolts at pH of 7.3. 

15. The device of claim 1 wherein the leucocyte 
filter comprises polybutylene terephthalate fibers. 

16. The device of claim 7 wherein the fibers 
20 comprise polybutylene terephthalate. 

17. A device for the collection and processing of 
blood comprising a first container and at least one 
second container connected thereto, wherein a filter 
barring passage of red blood cells is interposed be- 

25 tween the first container and the second container, 
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the filter permitting platelets to pass there- 
through, but blocking red blood cells. 

18. The device of claim 17 wherein the fibers of 
the filter have been modified to present hydroxyl 

5 groups and carboxyl groups. 

19. The device of claim 18 wherein the fibers of 
the filter have been modified with a mixture of 
monomers comprising hydroxyethyl methacrylate and 
methacrylic acid. 

10 20. The device of claim 19 wherein the 

acid/acrylate monomer weight ratio in the modifying 
mixture is between .01:1 to 0.5:1. 

21. The device of claim 20 wherein the ratio is 
-05:1 to .35:1. 

15 22. The device of claim 20 wherein the CWST is 70 
dynes/ cm to 115 dynes/cm. 

23. The device of claim 22 wherein the CWST is from 
90 dynes/cm to 100 dynes/cm. 

24. The device of claim 23 wherein the CWST is from 
20 93 dynes/ cm to 97 dynes/cm. 

25. The device of claim 17 wherein fibers in the 
filter have a surface area of 0.04 to .30 M 2 . 

26. The device of claim 25 wherein the surface area 
is .06 to .2 M 2 . 
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27. The device of claim 25 wherein the filter has a 
voids volume of 71% to 83%. 

28. The device of claim 27 wherein the voids volume 
is 73% to 80%. 

5 29. The device of claim 17 wherein the flow area of 
the filter is 3-8 cm 2 . 

30. The device of claim 29 wherein the flow area is 
4—6 cm 2 . 

31. The device of claim 17 wherein the zeta 

10 potential of the fibrous structure is -3 to -20 
millivolts at pH of 7.3. 

32. The device of claim 31 in which the zeta 
potential is -3 to -30 millivolts at pH of 7.3. 

33. The device of claim 32 in which the zeta 
15 potential is -7 to -20 millivolts at pH of 7.3. 

34. The device of claim 17 wherein the leucocyte 
filter comprises polybutylene terephthalate fibers. 

35. The device of claim 22 wherein the fibers 
comprise polybutylene terephthalate. 

20 36. The device of claim 17 wherein the hold-up 
volume is less than lcc. 

37. The device of claim 17 wherein the first 
container is a blood collection bag and the second 
container is a satellite bag. 
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38. A device for the collection and processing of 
blood comprising a blood collection bag and at least 
one satellite bag connected thereto, wherein a po- 
rous medium is interposed between the blood collec- 

5 tion bag and the satellite bag, the porous medium 
comprising modified polybutylene terephthalate 
fibers having a CWST of 70 dynes/cm to 115 dynes/cm 
and a zeta potential of -3 to -30 millivolts at pH 
of 7.3, and said porous medium bars the passage of 
10 red blood cells therethrough, but permits the pas- 
sage of platelets. 

39. A filter element for processing blood compris- 
ing a porous, fibrous medium which removes leuco- 
cytes and blocks red blood cells, but which permits 

15 platelet-rich plasma to pass therethrough. 

40. The filter element of claim 39 wherein said 
fibrous medium has a CWST of at least 70-115 
dynes/cm. 

41. The filter element of claim 39 wherein the zeta 
20 potential is -3 to -30 millivolts at pH of 7.3. 

42. The filter element of claim 41 wherein the zeta 
potential is -7 to -20 millivolts at pH of 7.3. 

43. The filter element of claim 42 wherein the zeta 
potential is -10 to -14 millivolts at pH of 7.3. 

25 44. The filter element of claim 43 wherein the 

surface area of the fibers of the filter is greater 
than 0.3 M 2 . 
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45. The filter element of claim 44 wherein the sur- 
face area is 0.3 to 2.0 M 2 . 

46. The filter element of claim 45 wherein the sur- 
face area is .35 to .6 M 2 . 

5 47. The filter element of claim 46 wherein the 
voids volume of the filter is 71% to 83%. 

48. The filter element of claim 47 wherein the 
voids volume is 75% to 80%. 

49- The filter element of claim 39 wherein the flow 
10 area of the filter is 2.5-10 cm 2 . 

50. The filter element of claim 49 wherein the flow 
area is 3-6 cm 2 . 

51. The filter element of claim 39 wherein the 
fibrous medium comprises polybutylene terephthalate 

15 fibers . 

52. A device for the collection and processing of 
blood comprising a blood collection bag and at least 
one satellite bag connected thereto, wherein a po- 
rous medium is interposed between the blood collec- 

20 tion bag and the satellite bag, the porous medium 
comprising modified polybutylene terephthalate 
fibers having a CWST of 70 dynes/ cm to 115 dynes/ cm 
and a zeta potential of -3 to -30 millivolts at pH 
of 7.3, and said porous medium removes leucocytes 

25 and bars the passage of red blood cells there- 
through, but permits the passage of platelets. 
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53. A method for treating whole blood comprising 

a. centrifuging whole blood; and 

b. passing the supernatant layer of the 
centrifuged liquid through a filter until red blood 
cells block the filter. 

54. A method of collecting and processing blood in 
the device of claim 1 comprising passing platelet- 
rich plasma from the first container through the 
filter to the second container. 



10 55. A method of collecting and processing blood in 
the device of claim 3 comprising passing platelet- 
rich plasma from the first container through the 
filter to the second container. 



56. A method of collecting and processing blood in 
15 the device of claim 6 comprising passing platelet- 
rich plasma from the first container through the 
filter to the second container. 



57. A method of collecting and processing blood in 
the device of claim 7 comprising passing platelet- 

20 rich plasma from the first container through the 
filter to the second container. 

58. A method of collecting and processing blood in 
the device of claim 11 comprising passing platelet- 
rich plasma from the first container through the 

25 filter to the second container. 

59. A method of collecting and processing blood in 
the device of claim 17 comprising passing platelet- 
rich plasma from the first container through the 
filter to the second container. 
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60. A method of collecting and processing blood in 
the device of claim 18 comprising passing platelet- 
rich plasma from the first container through the 
filter to the second container. 

5 61. A method of collecting and processing blood in 
the device of claim 19 comprising passing platelet- 
rich plasma from the first container through the 
filter to the second container. 

62. A method of collecting and processing blood in 
10 the device of claim 22 comprising passing platelet- 
rich plasma from the first container through the 
filter to the second container. 

63. A method of collecting and processing blood in 
the device of claim 31 comprising passing platelet- 

15 rich plasma from the first container through the 
filter to the second container. 

64. A method of collecting and processing blood in 
the device of claim 35 comprising passing platelet- 
rich plasma from the first container through the 

20 filter to the second container. 

65. A method of collecting and processing blood in 
the device of claim 38 comprising passing platelet- 
rich plasma from the first container through the 
filter to the second container. 

25 66. A method of collecting and processing blood 
comprising passing platelet-rich plasma through a 
filter element of claim 39. 
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67. A method of collecting and processing blood 
comprising passing platelet-rich plasma through a 
filter element of claim 40. 

68. A method of collecting and processing blood 
5 comprising passing platelet-rich plasma through a 

filter element of claim 41. 

69. A method of collecting and processing blood 
comprising passing platelet-rich plasma through a 
filter element of claim 44. 

10 70. A method of collecting and processing blood 
comprising passing platelet-rich plasma through a 
filter element of claim 47. 

71. A method of collecting and processing blood 
comprising passing platelet-rich plasma through a 

15 filter element of claim 49. 

72. A method of collecting and processing blood 
comprising passing platelet-rich plasma through a 
filter element of claim 51. 

73. A method of collecting and processing blood in 
20 the device of claim 52 comprising passing platelet- 
rich plasma from the first container through the 
filter to the second container. 

74. A device comprising a housing and means dis- 
posed within the housing for permitting platelets 

25 suspended in plasma to flow therethrough, but which 
prevents passage of red blood cells. 
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